A simple formula for the prediction of Stark widths of neutral lines similar to the semiempirical method for ion lines of Griem is presented (eqs.
I. INTRODUCTION
Astrophysicists performing stellar atmosphere calculations often require line-width data for a large number of transitions in many atoms (some of which are quite complicated, e.g., Fe). A semiempirical formulation for obtaining the electron-broadened widths of spectral lines from ionic species has been given by Griem (1968) (see also Hey 1977; Hey and Bryan 1977) , in which the width is expressed in terms of Gaunt factors involving transitions to levels interacting with the upper and lower states of the spectral line. In the simplest version of Griem's (1968) formulation, the sum over interacting levels was eventually approximated by including only the nearest strongly interacting level. Then the equation for the width (half-width at half-maximum [HWHM] in rad s -1 ) becomes (see Griem 1968, eq. [24]) where Ri and R f are the mean square distances of the radiating electron in the initial and final states, respectively (in a 0 units); n e is the electron density; and 2r H is the ionization potential of hydrogen (13.6 eY). In the argument of the effective Gaunt factor g, the energy spacing Ais is between the transition level (/ or /) and the nearest interacting (allowed dipole) level. The radial matrix elements (in units of a 0 2 ) of the states are estimated in the Coulomb approximation by using the effective principal quantum number w a * as
where l a is the orbital angular momentum quantum number of the radiating electron for the level a (of energy Ej) and the effective principal quantum number for that level is where z -1 is the charge of the ion (i.e., z = 1 for neutrals) and / is the ionization energy of the radiating species appropriate to level a. Although the semiempirical method was originally developed for ion lines, it has been applied with fair success to neutral lines by Miller and Bengtson (1970) The formulation presented in this paper is specifically for neutral species and is similar in spirit to the semiempirical method for ion lines. It is obtained (see § II) by approximating the expression for electron impact width as developed by Griem et al. (1962) , and it results (see eqs. [18] and [19] ) in an equation similar in form to equation Reliable calculations, also based on Griem et al. (1962) , have been performed for the electron-broadened width of many spectral lines of neutral emitters by, for example, Bennett and Griem (1971 ;  see also Appendix VI of Griem 1974) . These are typically within 207 o of experimental measurements (Miller and Bengtson 1970; Konjevic and Roberts 1976; Wiese, Kelleher, and Paquette 1972) . However, these calculations are fairly involved and require the use of a computer.
In § IV (see Fig. 2 ), a few comparisons are given between the results of this paper (eqs.
[18] and [19] ), the calculations of Bennett and Griem (1971) , and the values obtained from equation (1) using Gaunt factors for neutrals obtained from van Regemorter (1962) . Comparison is also made to the formula of Cowley (1971) . A procedure to estimate the ion-broadening coefficient a is discussed in § III.
II. A SIMPLE THEORETICAL PREDICTION (STP)
The electron-broadened width for a neutral species is given as (Griem 1974, eq. [4.79] ) (following Griem et al. 1962) Here the upper level of the line |/> is denoted by a and the sum over a represents the interaction with close-by levels. Because of the Stark interaction, these a levels are dipole-connected to the level a, so that <a|AE a |a'> are radial matrix elements. The full velocity average is retained in equation (4). The first term in equation (4) is the strong collision term, where the minimum impact parameter is given by
The dimensionless parameter z aa ' min is given by
where cu aa , [ = (E a -E a )jfi = E^/ft] is the difference in angular frequency units between the level a and the dipoleconnected interacting level a . The functions a(z), A(z), and B(z) can be written in terms of modified Bessel functions (see Griem 1974, p. 56 ). If it is assumed that the interactions from all contributing levels can be approximated by considering only the nearest strongly interacting (allowed dipole) neighbor, as was done in the simplest version of the semiempirical method, presented by Griem (1968, see eq. [1] of Griem), then equation (4) becomes
The minimum impact parameter is then, from equation (5),
and z min -Pmin '
where AEV is the energy spacing between the upper state and the nearest interacting level. Lower-state broadening is ignored. The subscript / will be used only when necessary for clarity. In equation (7), we have approximated the velocity average by 1/ê [~(m/3/;7' T ) 1/2 , where T is the temperature] rather than by <l/t>> [ = (2m/7rA:r) 1/2 ], because <l/y) tends to weight low velocities, whereas the most important contributions to w e [due to a(z) in eq. (4)] come from small z min (corresponding to high velocity). It is convenient to write equation (7) in a form similar to equation 
The quantity f(r)R) is related to the effective Gaunt factor by the following equation :
This relationship may be obtained by comparison of the line width in terms of cross sections (as in Griem 1968, eqs. [1] and [2]) with equation (4) of this paper (see also Griem 1968, eq. [7] ). We note, however, that expressing equation (12) in terms of g(r]R) gives a result which differs from equation (1) by a multiplicative factor of (6/7r) 1/2 # 1.4 owing to the difference in the velocity average (as mentioned above)
.
To obtain f(rjR) 9 it is necessary only to solve equation (14) for z min for a given (tjR) using the functions A(z), etc. (see Griem 1974) , and then to substitute into equation (13). Using asymptotic forms of ^4(z), etc., the following analytic expressions are readily obtained. For 77À « 1, where x = rjR. The HWHM (designated as STP) in rad s" 1 is given by equation (12) as
W>e (19) III. ESTIMATE FOR ION-BROADENING PARAMETER Within the approximation that broadening of the upper level only is included, a simple estimate for the ionbroadening parameter a can also be made. We have from Griem et al. (1962) a = (27TCJw ePm *r é , (20) and using the notation of equation (4), 27rC 4 = ieW 2 a' l<<*l* a K)l 2 (21)
(Note that C 4 = (e 2 /277-)C a [Griem 1964 ].) If we take an average energy spacing (Ais), we can approximate C 4 by />u e*a 0 2 Ri 2 ~fah(KËÿ'
It is tempting to replace (kEy, as we did before, by the nearest interacting level A^. Doing this will give an upper limit to C 4 . However, in this case, it may not necessarily be a good approximation, since the 1/Ais^ weighting varies only slowly with ^E aa >. In contrast, the use of the nearest interacting level often works well for electrons, because the functions A(z) and a(z) fall off rapidly for large z aa , (proportional to A£ aa ,), and hence there is a strong weighting toward the nearest levels (characterized by A^). London (1930) proposed that <Ais> be identified with the ionization energy AE 1 «, ( = / -E^) of the upper level. Since, for excited states, most of the interacting levels lie close to the continuum, this should lead to a reasonable order-of-magnitude lower estimate for C 4 (and hence a). Using {AE} = AE oe = e 2 l2a 0 n{ ¥2 (from Griem 1964) to provide the lower limit for <A£ , > and using the nearest interacting level approximation AE t to provide the upper limit for a, we have, for example, for the C i 5052 Â line, 0.03 < a < 0.11 (at n e = 10 16 cm -3 and T = 10 4 K). The mean value between these limits compares favorably to the calculated value of a ^ 0.063 given in Appendix IV of Griem (1974) . In practice, we suggest for a very simple estimate that something like AJE' 00 /2 be used, since (see § IV) high accuracy is not required for a.
IV. DISCUSSION
This method for determining w e has been applied to a limited number of lines of interest, and the results are illustrated in Figure 2 . It is seen that the value of the width obtained by our simple theoretical prediction (STP) agrees within 50% with the quantum mechanical calculations (reportedly accurate to 20%) of Bennett and Griem (1971 ; see also Appendix IV in Griem 1974 ) (labeled GRIEM) and in some cases is closer than this, e.g., within 25%, for C i 5052 Â in the temperature range 5000-40,000 K. This should not be too surprising, since the method is based on the actual expressions (except for small corrections) used for the quantum calculations. The shapes of the STP and quantum (GRIEM) curves in Figure 2 are quite similar, and we note the not surprising tendency of the STP nearest interacting level approximation to somewhat overestimate the widths (on the average by about 25% 0 ). The nearest interacting level approximation is usually adequate when rjR is small; however, if rjR is large (compared with unity), it will be less accurate, since in this region the width is dominated by B(z) £ 7t/4z (see Griem 1974, eq. [146] ), which does not have a strong weighting to the nearest level [in comparison with A(z) and a(z), which decrease rapidly for z > 1]. Estimates for lower-state broadening (equivalent to the/term in eq. [1]) indicate that it is usually not significant.
The curves labeled SE were obtained from equation (1) (i.e., the simplified version of the semiempirical estimate of Griem 1968) by using van Regemorter's (1962) values for the neutral Gaunt factors. These SE calculations often differ from STP values by a factor of 2. These differences can be traced to two causes. The first is the difference in a multiplicative factor ( ~ 1.4) between equations (1) and (19), which is due to different velocity averages (as explained in § II). The second is the difference in the treatment of the Gaunt factor. The argument of the Gaunt factor in equation (1) is 3fc772A£ , i = 1 /2^, whereas/^AE) depends on r)R. This difference in argument of the two functions makes a direct comparison of the Gaunt factors difficult; but, we note, in the limit of « 1, we have to compare our log (2.27/^jR) (eq. [17]) with log [(1/2^) 1/2 ] as obtained from formula (10) of van Regemorter (1962) . The inclusion of the strength of the interaction through the radial matrix elements in the STP therefore improves the results. Cowley (1971) gives an even simpler formula (his eq. [5]), which, in our notation, is <23 > No. 3, 1978 FORMULA FOR ESTIMATING START WIDTHS 1083 .-A comparison of the normalized electron-broadened widths versus temperature for the lines Cl i 4601 Â (45 2 i > i/ 2 -5/? 2 P 0 i,2\ multiplet 15), C i 5052 Â (35 x P\-Ap 1 D 2 \ multiplet 12), and Si i 5684 Â (45 3 PV5/> 3 Si; multiplet 11). GRIEM denotes the quantum calculations obtained from Griem (1974) , SE denotes the simplified semiempirical estimate of eq. (1) using ^-values from van Regemorter (1962) , and STP refers to this work. C is the (temperature-independent) value recommended by Cowley (1971) .
This approximation amounts to putting the orbital angular momentum quantum number in equation (2) equal to zero and f{y]R) =
[This value of f(y]R) is equivalent to ignoring the weak collision term a{z) in eq. (13) and to retaining only the strong collision term, with A 2 {z) + B 2 (z) put equal to unity.] As noted by Cowley (1971) , this formula gives the wrong temperature dependence, since it gives w e varying as T~1 /2 , whereas the width actually increases with temperature (see Fig. 2 ). He therefore advocates using the value obtained at T = 10 4 K for all temperatures. This temperature-independent value (obtained from Cowley 1971, eq. [7] ) is shown in Figure 2 . Since in many cases rjR x 1-2 at 10,000 K, this approximation is often quite adequate. It certainly has the advantage that one need not know the position of the nearest interacting level (see comment below).
One should be somewhat cautious when applying the STP to heavy elements, such as iron, because the Coulomb approximation (eq. [2]) and LS coupling may be invalid. However, if there is a reasonably small spread in energy within a given interacting configuration [so that the quantities A(z aa > min ), etc., in eqs. (4) and (5) are reasonably constant for the nearest configuration], then the sum over a may be performed to yield R a 2 . This sum over interacting states is the same for both LS and j-j coupling, so that reasonable values for the impact-broadened width can be obtained irrespective of the coupling scheme (cf. Griem 1974, p. 31) .
At the same time, if there is no clear indication as to which is the closest interacting level, then an average of the energies of the states of the closest configuration [weighted according to their statistical weights (2J +1) and 1084 FREUDENSTEIN AND COOPER summed over /, L, and S] should be used (e.g. , if we are dealing with a 4d state, we should probably average the energies of the 4/ configuration). The procedure outlined in § III enables us to estimate the ion-broadening coefficient a. Although often the accuracy obtained is not high (a factor of 2 or so), it is perfectly adequate, since it occurs only in the ion-correction term (see Griem 1974, p. 97) . Additional errors in the total width due to a should be less than 5%-10% (compared to a ~407 o and 50% possible uncertainty associated with the Stark width).
We believe that the simple to use formulae presented here (eqs.
[18] and [19]) will be adequate when astrophysicists require a large number of line widths of neutral species due to Stark broadening. The estimate requires only a knowledge of the effective position of the nearest interacting level and of the ionization energy of the upper state. However, as a final note of caution, we have found that, in many cases, the energy-level tables (Moore 1971 and revisions) are inadequate to identify the closest interacting level (since information concerning highly excited levels is unavailable), and thus one should not use these simple formulae without first attempting to interpolate the missing levels of importance.
